Introduction {#Sec1}
============

Air pollution has become a notorious worldwide issue of major significance with an arising of uncontrolled pollutant emissions originated by several chemical processes that modify both air quality and natural cycles. The volatile organic compounds (VOC) that can change from liquid to gas at room temperature are highly toxic pollutants. Household and industrial solvents, paints and the burning of fossil fuels are the main sources of VOC emissions. They contribute to photochemical smog in big cities and have an impact on the environment and health of humans \[[@CR1]\]. Although there are several studies on VOC catalytic elimination \[[@CR2], [@CR3]\], the sorption process is always preferred due to the less cost and recovering of the VOC \[[@CR4]\]. For instance, metal--organic frameworks (MOFs), with a large surface area (5870 m^2^/g of BET area) and a 1.85 cm^3^/g total pore volume, have proved to be an effective choice for VOC removal, especially for those molecules presenting steric hindrance as xylenes and ethylbenzene \[[@CR5]\]. However, using MOFs as adsorbents is still an unaffordable choice in terms of their preparation costs. Micro and mesoporous materials based on SiO~2~ and functionalized with Ag or Cu has been studied to sorb benzene, toluene, and *p*-xylene (BTX) \[[@CR6]\] showing that toluene and *p*-xylene adsorption can be stopped in the case of Cu/SiO~2~, because of a steric hindrance due to an ink-bottle pore shape of such material. BTX sorption it was also carried out by using amine modified KIT-6 and SBA-15 presented highly adsorption increasing with an increase in the pressure \[[@CR7]\]. However, a poor benzene adsorption was observed due to the hydrophobicity of the KIT-6 whereas *m*-xylene and toluene presented stronger hydrophobic interaction with the amine-modified material. In the same way, a SBA-15, functionalized with polyvinyl benzene \[[@CR7]\] or phenyltriethoxysilane \[[@CR8]\], proves to be an excellent VOC hydrophobic adsorbent of toluene, benzene and cyclohexane with no steric hindrance. Cobalt supported on a calcined hydrotalcite was used as a catalyst in the toluene oxidation using the memory effect of Mg--Al hydrotalcite \[[@CR9]\]. Hydrotalcites are lamellar materials showing basic properties without significant specific surface area and mesoporosity \[[@CR10]\]. Hence, large molecules cannot reach the most of the anchorage sites. If an anionic clay is combined with a mesoporous material (i.e. SBA-15), a great adsorbent can be synthesized \[[@CR11], [@CR12]\]. For instance, the SBA-15 is a mesoporous material with a specific surface area larger than 700 m^2^/g and a 0.8 cm^3^/g of pore volume, both are ideal characteristics for a VOC adsorbent. However, the SBA-15 exhibits poor surface reactivity due to a reduced number of anchor sites (silanol groups). In this paper, the SBA-15 surface functionalized with a Mg--Al calcined hydrotalcite (HTc) is carried out. After the calcination of this nanocomposite, Al--Mg-O mixed oxides are dispersed on the SBA-15 surface, and the modification of its textural properties occurs. Indeed, HTc presents a higher chemical reactivity than that of the SBA-15, but a much lower specific area (ca. 74 m^2^/g) and a very small mesoporous volume (ca. 0.20 cm^3^/g). The accurate combination of such materials, with non-organic functionalization, can be readily performed to produce a nanoporous composite with physicochemical properties that have a synergistic influence on the benzene, toluene, ethylbenzene, and xylene sorption.

Experimental {#Sec2}
============

Material preparation {#Sec3}
--------------------

### Sba-15 {#Sec4}

The SBA-15 preparation was carried out following the methodology proposed by Zhao et al. \[[@CR13]\]. In a polyethylene bottle, 16 g of template, Pluronic 123 (EO)~20~(PO)~70~(EO)~20~ (Sigma-Aldrich), were mixed with 474 mL of a 2 M HCl (J. T. Baker, 37%) solution. The mixture remained under stirring at room temperature until the apparent dissolution of the template. Subsequently, 34.4 mL of tetraethylortosilicate (TEOS, Sigma-Aldrich, 98%) were gradually added into this polyethylene bottle and remaining under stirring at room temperature another 24 h. The recipient was treated at 95 °C for 72 h into an oven. The solid was thus recovered by decantation, washed with distilled water and dried at 70 °C. An amount of this sample was calcined at 550 °C in air for 6 h to eliminate the organic template.

### Mg/Al mixed oxides {#Sec5}

The preparation of a Mg/Al hydrotalcite with a 2:1 mol ratio was achieved by using a microwave-assisted coprecipitation method to obtain a material whose formulation is Mg~6~Al~3~(OH)~18~NO~3~·4H~2~O \[[@CR14]\]. A 1.5 M solution was prepared from Mg(NO~3~)~2~·6H~2~O and Al(NO~3~)~3~·7H~2~O, (both from Aldrich, 98%). A precipitating solution of NH~4~OH (2 M) was also prepared. Both solutions were dropwise into a flask under stirring and remaining a constant pH 9. The coprecipitated salts were stirred for 24 h at room temperature. The solid was recovered by filtration, washed and dried at 70 °C. Finally, the dried white solid was calcined at 550 °C for 6 h to obtain the (Mg--Al-O) mixed oxides, the sample was labeled as HTc.

### SBA-15/HT~C25~ composite {#Sec6}

The composite was prepared by combining a suitable amount of SBA-15 with a Mg--Al nitrated hydrotalcite to obtain a 80/25 wt% nominal ratio of the calcined composite \[[@CR11]\]. 80 wt% of non-calcined SBA-15 was placed into a flask containing 25 mL of distilled water and dispersed by stirring during an hour. Subsequently, the complementary amount of Mg--Al hydrotalcite (ca. 20 wt%) was prepared on the SBA-15 dispersion following the same procedure mentioned in the above section. The dried composite was calcined at 550 °C for 6 h and labeled as SBA-15/HT~C25~.

Materials characterization {#Sec7}
--------------------------

SBA-15, HT~C~, and SBA-15/HT~C25~ samples were characterized by X-ray diffraction (XRD) by using a Bruker D8 equipment with Cu*Kα* radiation, at scanning ranges from 0.7° to 3° (2*θ*) for small angles and from 5° to 70° (2*θ*) for wider angles. Nitrogen adsorption at 77 K was carried out with a Micromeritics ASAP 2010 equipment between relative accuracy ranges, *P/P*~*0*~, from 0.06 up to 0.99 with 0.015 increases. Previously, the samples were degassed at 90 °C for 10 h until a 0.05 mmHg vacuum pressure was reached.

BTEX adsorption tests {#Sec8}
---------------------

The adsorption of benzene, toluene, ethylbenzene or *p*-xylene (BTEX) was carried out by using a SHIMADZU GC-14A gas chromatograph with a flame ionization detector (FID). A stainless steel chromatographic column (0.6 in diameter and 50 cm long) was packed with 0.1 g of each sample mixed with 0.2 g of ground glass, previously sieving (80/50 mesh). During chromatographic analyses, a high-purity He (99% chromatographic degree) was used as carrying gas (30 cm^3^/min). A pretreatment of samples with He was realized at 300 °C for 1 h. Table [1](#Tab1){ref-type="table"} shows the temperature intervals of the chromatograph devices during analyses, considering the VOC physical properties, Table [2](#Tab2){ref-type="table"}. On each adsorption test, 1 µL of VOC was injected.Table 1Temperature intervals for chromatograph devicesTemperature °C1st2nd3rd4th5thInjector305270235195160Furnace300260225185150Detector315285245205170 Table 2Physical properties of VOC \[[@CR15]\]VOCMolecular weight (MW) g/molKinetic diameter (σ) nmIonizing potential (P) EvRadii (d) nmBoiling temperature  °CBenzene78.110.659.2--9.70.7380.1Toluene92.140.65/0.898.80.835110.6*p*-Xylene106.160.98/1.058.50.94144Ethylbenzene106.160.988.50.94136

### Equilibrium models of adsorption isotherms {#Sec9}

The experimental data were used to model two popular adsorption isotherm equations: Freundlich and Langmuir. The Freundlich isotherm equation \[[@CR16]\] was used as follows:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\log a = \log {k_f} + \frac{1}{n}\log p$$\end{document}$$where *p* is the equilibrium pressure when gas moles are adsorbed at temperature T in Kelvin degrees (K), *a* is the adsorption capacity at equilibrium with the adsorbent, *k*~*f*~ is Freundlich equilibrium constant that shows the adsorption capacity and the adsorbate affinity by the adsorbent, and *1/n* is defined as the rate of adsorbate saturation. Likewise, the Langmuir model isotherm equation \[[@CR16]\] was used as follows.$$\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{P}{a} = \frac{1}{{K{a_m}}} + \frac{P}{a_m}$$\end{document}$$where *P* is the system pressure, *a* is the adsorbed volume at a certain pressure, *a*~*m*~ is the maximum monolayer volume that the surface can adsorb at equilibrium and *K* is the value of Langmuir constant. Both adsorption isotherm equations were fitted using experimental data with correlation coefficients greater than 0.9 for all isotherms. It is also known that at lower pressure, Also, Henry isotherm is a short form of the Langmuir isotherm, represented as follow:$$\documentclass[12pt]{minimal}
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### Isosteric heat of adsorption {#Sec10}

The isosteric heat of adsorption (*q*~*st*~) was estimated by using adsorption isotherms from the VOC at different temperatures. Isosteric heat of adsorption is the most used property for calculating fixed beds, which is given by the Clausius--Clapeyron equation [3](#Equ3){ref-type=""} \[[@CR6]\].$$\documentclass[12pt]{minimal}
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                \begin{document}$${\frac{\partial p}{\partial T}_a} = \frac{{{q_{st}}\left( a \right)}}{{R{T^2}}}$$\end{document}$$

The heat of adsorption can be determined from the isotherms acquired at different temperatures.

Results and discussion {#Sec11}
======================

X-ray diffraction {#Sec12}
-----------------

The diffractograms at small angles of the calcined hydrotalcite (HT~C~), SBA-15, and SBA-15/HT~C25~, respectively, were recorded between 0.5° and 5° 2*θ*, Fig. [1](#Fig1){ref-type="fig"}a; the (100) diffraction signal it is observed at 0.87° 2*θ* and it is characteristic of an interlayer distance of 10.1 nm, of the SBA-15 nanostructure. A similar, peak diffraction is observed at 0.90° 2*θ*, which belongs to an interlayer distance of 9.8 nm. As expected, the HT~C~ shows no diffraction peaks at small angles. Instead, the recorded diffractogram at wider angles (between 5° y 70° 2*θ*) for the HTc, Fig. [1](#Fig1){ref-type="fig"}b, shows the characteristic peaks of the periclase-type structure that belongs to the mixed oxides, Mg--Al-O, at 42° and 65° 2*θ* (JCPDS 00-045-0946). For the SBA-15 and the composite diffractograms, a rather wide shoulder is observed between 15° and 30° 2*θ*. This kind of polycrystalline diffractogram is usually associated with the amorphous silica (JCPDS 00-076-912) that is the main component of the SBA-15 walls. However, no diffraction signal relating to the mixed oxides (Mg--Al-O) are observed for the composite, SBA-15/HT~C25~. Therefore, small Mg--Al-O particles may be homogeneously dispersed on the SBA-15 nanoporous surface \[[@CR11]\].Fig. 1Diffractograms at small (**a**) and wider (**b**) angles

Nitrogen adsorption {#Sec13}
-------------------

In Fig. [2](#Fig2){ref-type="fig"}a and b, are respectively represented the nitrogen adsorption--desorption isotherms and the pore diameter distribution for the SBA-15, calcined hydrotalcite (HT~C~) and SBA-15/HT~C25~ composite. Each isotherm is type IV, according to the IUPAC classification, indicating that materials present mainly mesoporous. The SBA-15 and SBA-15/HT~C25~ isotherms show an H1 hysteresis loop \[[@CR17]\] at P/P~0~ ranging from 0.5 to 0.75, Fig. [2](#Fig2){ref-type="fig"}a; it is associated to the mesoporous materials having tubular porous whit a narrow size distribution. Nevertheless, the HT~C~ show an H3 hysteresis loop with a relative pressure interval from 0.64 to 0.90, relating to the porous with laminar structure, as in clays \[[@CR18]\].Fig. 2N~2~ adsorption isotherms (**a**) and pore size distribution (**b**) of the HT~C~, SBA-15, and SBA-15/HT~C25~

The SBA-15 and SBA-15/HT~C25~ composite pore diameter distributions are rather similar as shown in Fig. [2](#Fig2){ref-type="fig"}b. As N~2~ adsorption--desorption isotherms present similar form curves, they can also be structurally analogous, denoting no mesoporous blocking. The SBA-15 presents a 6.88 nm main pore diameter with a slight decreasing in the composite one (6.75 nm). This small difference (0.11 nm) can be related to the particles of the Mg/Al mixed oxides that are casting the SBA-15 pores. The specific surface areas were estimated by using the BET method (Brunauer, Emmett and Teller) and the pore diameter distributions were computed by using the BJH method (Barrett, Joyner and Halenda) applied to the nitrogen desorption isotherm data \[[@CR18]\], Table [3](#Tab3){ref-type="table"}. BET surface area decreased (ca. 32%) in the composite, 402 m^2^/g, in comparison to the SBA-15, 720 m^2^/g; still, it is much bigger than that determined in the HTc (74 m^2^/g). Besides, the wall thickness increased from 4.5 nm (SBA-15) to 4.8 nm (SBA-15/HT~C25~). Therefore, the Mg/Al mixed oxides can form a small layer on the SBA-15 wall surface and the pore size and interlayer parameters are diminished. Moreover, the basic pH used during the composite preparation may contribute to the loss of the textural properties. Furthermore, the microwave radiation used during synthesis might also have caused a decreased specific BET surface area \[[@CR11]\]. Still, the narrow distribution of the average pore diameter and the pore volume remain, Fig. [2](#Fig2){ref-type="fig"}b, with an increment of the specific surface area and pore volume.Table 3Textural properties of the materials determined from the results of adsorption analysis of N~2~ at 77 KSampleBET specific surface (m^2^/g)Pore volume (cm^3^/g)Pore diameter (nm)*d* ~(100)~ (nm)WT (nm)HT~C~740.19Broader (1--65)----SBA-157200.806.8810.104.5SBA-15/HT~C25~4020.836.759.804.8*WT* wall thickness determined as \[(2*d*100/(3)^0.5^) − pore diameter\]

BTEX adsorption isotherms {#Sec14}
-------------------------

BTEX adsorption isotherms for the SBA-15 are shown in Fig. [3](#Fig3){ref-type="fig"}. In all isotherms, BTEX adsorption is carried out at pressures lower than 5 mmHg because the SBA-15 material has a very wide pore diameter (6.88 nm, shown in Table [4](#Tab4){ref-type="table"}), thus no high pressures are required. The pattern of every isotherm is quite similar to each other. Indeed, the higher the temperature, the lower VOC adsorption occurs. Besides, the adsorbed volume ranges from 0.05 to 0.06 mmol~VOCs~/g~SBA-15~ at 150 °C. The adsorbate--adsorbent interaction depends on the shape of the isotherm. In these cases, the isotherms are concave. Therefore, as the isotherm presents a concave profile, the BTEX adsorption is ensured, thus, it is confirmed that the SBA-15 uptake of the BTEX compounds favorably. Besides, the lower the temperature, the greater BTEX amount is adsorbed. Furthermore, if the molecular weight of benzene derivatives increases, the adsorption pressure diminishes and its ramification plays a slight role in the uptake amount as a temperature function. Indeed, the ethylbenzene shows higher temperature dependence, than that observed on the benzene adsorption.Fig. 3Benzene, toluene, *p*-xylene, and ethylbenzene adsorption isotherms for SBA-15 Table 4Freundlich equation parameters for volatile organic compound (VOC) adsorption in SBA-15, HT~C~, and SBA-15/HT~C25~VOCsT (°C)SBA-15HT~C~SBA-15/HT~C25~*k* ~*f*~*1/nR* ~*f*~*k* ~*f*~*1/nR* ~*f*~*k* ~*f*~*1/nR* ~*f*~Benzene3000.0241.8840.9940.0172.3250.9980.031.6580.9942600.0251.8580.990.0162.1870.9970.0291.7080.9942250.0271.8480.9940.0172.2910.9930.0321.7210.9951850.0271.7380.9980.0172.2810.9970.0331.6330.9951500.0321.6670.9970.0182.2050.9990.0391.5550.995Toluene3000.0211.9490.9990.0162.3050.9940.0241.5230.9872600.0251.8290.9950.0142.2010.9930.0281.7270.9952250.0271.7320.9950.0132.1390.9970.0311.6630.9961850.0311.5330.9960.0142.1930.9990.0351.5490.9951500.0411.5750.9980.0192.1590.9950.0461.3140.988*p*-Xylene3000.0221.8930.9970.0112.0950.9880.0271.7320.9972600.0221.8190.9980.0072.3150.9940.0291.6820.9962250.0261.7860.9970.0132.2060.9970.0341.5410.9941850.0441.4720.9920.0162.1550.9980.0381.4420.9951500.0691.190.9770.0192.160.9950.0471.3530.999Ethylbenzene3000.021.9510.9990.0142.1520.9760.0261.7640.9992600.0231.850.9990.0152.2740.9810.0271.7050.9992250.0281.7230.9950.0122.1550.9970.031.6110.9981850.0421.5270.990.0152.2010.9980.0391.3910.9891500.0911.2130.9970.0182.1930.9940.0551.3640.989Where *T* is the experimental temperature in K, *k*~*f*~ (mmHg^−1^) is the value of the Freundlich constant, 1/*n* is the empirical constant, and *R*~*f*~ is the correlation factor

BTEX adsorption isotherms of Mg/Al hydrotalcite (previously calcined at 550 °C) are shown in Fig. [4](#Fig4){ref-type="fig"}. Contrary to that observed on the SBA-15, the BTEX uptake on the HTc occurs at higher pressure. Also, as benzene is a non-polarized hydrophobic molecule and the HTc presents a hydrophilic and low BET specific surface area, no BTEX uptake differences are observed among the temperatures. Still, a major benzene amount is retained on the HT~C~, and the *p*-xylene represents the derivate with the lowest adsorbed amount. This behavior is relating to the steric hindrance due to the poor porosity and specific surface area of HT~C~ although, a favorable adsorbate-adsorbent interaction is observed, as the isotherms are concave. Furthermore, the increased temperature causes no significant difference in the adsorption pattern. However, the BTEX adsorption is more advantageous at 150 °C than at the other temperatures, suggesting the physisorption governs this process. Unlike SBA-15, VOC adsorption is carried out at pressures higher than 10 mmHg in the HT~C~ as it has a low surface temperature and micropores that prevent BTEX molecules sorption.Fig. 4Benzene, toluene, *p*-xylene, and ethylbenzene adsorption isotherms for HT~C~

In Fig. [5](#Fig5){ref-type="fig"} is showed the BTEX adsorption isotherms for the SBA-15/HT~C25~ composite. These isotherms have a similar behavior to that of the SBA-15, and again, the most favorable temperature for adsorption is 150 °C. However, this composite has a far higher adsorption level than the one observed in the precursor materials. Indeed, HT~C~ and SBA-15 combination boosts VOC adsorption since there is a higher surface interaction owing to the presence of hydrotalcite and a similar mesoporosity to that of SBA-15. Both properties, contribute to a more effective internal diffusion of VOCs. Furthermore, the isotherms show that the composite has a higher affinity to *p*-xylene with an adsorbed volume of 0.095 mmol~VOCs~/g~SBA-15/HTC25~ and the ethylbenzene is the compound that has the least affinity with an adsorbed volume of 0.055 mmol~VOCs~/g~SBA-15/HTC25~. Hence, no steric hindrance is promoted. Moreover, the isotherms are concave and represent a favorable adsorbate-adsorbent interaction and the increasing of temperature diminishes the BTEX amount sorption. This is readily explained due to the volatile properties of the compounds that are used, as very low vapor pressures.Fig. 5Benzene, toluene, *p*-xylene, and ethylbenzene adsorption isotherms for SBA-15/HT~C25~

In the SBA-15/HT~C25~, VOC adsorption is carried out at pressures lower than 3 mmHg. This means that the pore diameter (6.75 nm) is large enough to prevent an increased relative pressure. However, the increased amount of adsorbed VOCs is higher than in the SBA-15. Hence, it occurs a synergetic adsorbent interaction, as the Mg/Al mixed oxides can be well dispersed on the SBA-15 surface \[[@CR11]\] with no steric hindrance.

### Freundlich model {#Sec15}

The Freundlich model describes the equilibrium between the solid surface and the BTEX as a multilayer adsorption process. The experimental data obtained from the linear regression of such as isotherms summarized in Table [4](#Tab4){ref-type="table"} and Fig. [6](#Fig6){ref-type="fig"}, respectively. Freundlich equation is an empirical model that is used to estimate the adsorption behavior of BTEX adsorbed on the nanoporous composites. Although the BTEX Freundlich isotherms, by using the SBA-15 as the adsorbent, Fig. [6](#Fig6){ref-type="fig"}, are straightforwardly adjusted to this model, the linearity of *p*-xylene isotherm at 150 °C is slightly curved, still, the correlation coefficient, *R*~*f*~ = 0.997, shows a marginal error. The adsorption capacity, *k*~*f*~, increases as the adsorption temperature decrease and if the temperature is lower than 300 °C, *k*~*f*~ also augments with the adsorbate molecular weight: ethylbenzene \> p-xylene \> toluene \> benzene. Thus, the physisorption is the main adsorption process. SBA-15 is an adsorbent, with an excellent specific surface area and narrow porous size that diminishes the steric hindrance of the adsorbates. However, the benzene adsorption is constrained by the SBA-15 surface adsorption reactivity, as it should be energetically controlled by the interaction of the molecules with the SBA-15 pore walls and the number of accessible silanol groups \[[@CR19]\].Fig. 6Benzene, toluene, *p*-xylene, and ethylbenzene adsorption isotherms with the Freundlich model for SBA-15

If the HTc is employed as adsorbent the benzene isotherms are perfectly fitted to the Freundlich model at all temperatures, Fig. [7](#Fig7){ref-type="fig"}, indicating no influence of the temperature adsorption during the benzene uptake as the *k*~*f*~ values remain almost unchanged, Table [4](#Tab4){ref-type="table"}. Toluene isotherms are mostly completely fitted (in all experimental data) with a slight non-linearity at the boundary temperatures (150 and 300 °C respectively). Furthermore, the Freundlich model, at 300 and 260 °C, for *p*-xylene and ethylbenzene, shows more variation on the fitting data. However, in all cases, the *R*~*f*~ is an indication of an acceptable fitting.Fig. 7Benzene, toluene, *p*-xylene, and ethylbenzene adsorption isotherms with the Freundlich model for HT~C~

In Fig. [8](#Fig8){ref-type="fig"} is showed the adsorption isotherms with the Freundlich model for the SBA-15/HT~C25~ composite. The following isotherms are not completely fitted to the Freundlich model: (i) toluene isotherms at 150 and 300 °C, (ii) ethylbenzene isotherms at 150 and 185 °C, and (iii) *p*-xylene isotherm at 150 °C.Fig. 8Benzene, toluene, *p*-xylene, and ethylbenzene adsorption isotherms with the Freundlich model for SBA-15/HT~C25~

All the other isotherms are adjusted to this model, Table [4](#Tab4){ref-type="table"}. Indeed, it presents a *k*~*f*~ and 1/n values greater than those shown for its precursors, SBA-15 and HTc. Indeed, the Mg--Al hydrotalcite prepared in situ of the SBA-15 contributes the increasing of surface reactivity.

In most of the experiments, as the adsorption affinity diminishes (*k*~*f*~) with the raising of the temperature, as the physisorption is the governing adsorption process, which allows the adsorbent regeneration and low temperature of BTEX sorption.

### Langmuir model {#Sec16}

This model describes the ideal equilibrium between a surface (adsorbent) and a chemical substance in a solution (adsorbate) as a monolayer adsorption. In Figs. [9](#Fig9){ref-type="fig"}, [10](#Fig10){ref-type="fig"} and [11](#Fig11){ref-type="fig"} are showed the adsorption isotherms with the Langmuir model for the four BTEX in the SBA-15, HTc and SBA-15/HT~C25~, respectively. In most them, a short curvature is observed, then, these isotherms are neither completely linear, nor completely fitted to the model.Fig. 9Benzene, toluene, *p*-xylene, and ethylbenzene adsorption isotherms with the Langmuir model for SBA-15 Fig. 10Benzene, toluene, *p*-xylene, and ethylbenzene adsorption isotherms with the Langmuir model for HTc Fig. 11Benzene, toluene, *p*-xylene, and ethylbenzene adsorption isotherms with the Langmuir model for SBA-15/HT~C25~

Although the linear correlation coefficient, ***R***~***L***~, tends to have more variations in comparison to the correlation coefficient of the Freundlich model, the experimental data are partly fitted, to the Langmuir model, Table [5](#Tab5){ref-type="table"}, and the physisorption is the predominant adsorption process.Table 5Langmuir and Henry model parameters for volatile organic compound (VOC) adsorption in SBA-15, HT~C~, and SBA-15/HT~C25~VOCsT (°C)SBA-15HT~C~SBA-15/HT~C25~*a* ~*m*~*K* ~*L*~*K* ~*H*~*R* ~*L*~*a* ~*m*~*K* ~*L*~*K* ~*H*~*R* ~*L*~*a* ~*m*~*K* ~*L*~*K* ~*H*~*R* ~*L*~Benzene3000.0590.8520.050.990.050.5860.0290.930.0680.9150.0620.9932600.060.8720.0520.9940.0520.4680.0240.9350.0670.9350.0620.9932250.0591.0120.060.9880.0490.5770.0280.9070.0671.1680.0760.9911850.0630.9190.0580.9840.050.5590.0280.9160.0711.0210.0730.9921500.0691.0250.0710.9880.0480.5640.0270.950.0811.040.0840.996Toluene3000.0481.0260.0490.9740.0420.7010.0290.9060.0521.000.0520.912600.0511.1790.060.990.0410.5830.0240.8980.0551.1880.0650.992250.0531.2710.0670.9910.0390.5830.0230.9220.0591.2720.0750.9911850.0641.0750.0680.9920.040.6290.0250.950.071.110.0770.9961500.0671.5380.1030.9890.0391.230.0480.9740.1310.5640.0740.997p-Xylene3000.0421.3350.0560.9810.0360.5240.0190.8850.0471.4690.070.9882600.0431.3160.0570.9810.0112.580.0280.8980.0491.4980.0740.992250.0461.5140.0690.9840.0350.6750.0230.9220.0641.1780.0750.9971850.0671.5090.1020.9990.0361.0020.0360.9620.0701.1220.0790.9981500.0781.1170.0920.9810.0331.6350.0550.9720.1240.6660.0820.991Ethylbenzene3000.0411.1850.0480.9650.0330.9870.0330.8180.0481.3870.0660.9772600.0441.3790.060.9760.0341.0890.0370.8660.0511.2580.0650.9812250.0461.70.0780.990.0350.6440.0230.9250.0541.330.0720.9891850.0621.7010.1050.9990.0350.9740.0340.9620.0810.9210.0740.9981500.1201.3170.160.9990.0351.5350.0520.9720.1011.0690.1080.998Langmuir monolayer capacity a~m~ (mmol/g), adsorbent's maximum adsorption capacity, Henry constants K~H~ (mmHg^−1^), Langmuir K~L~ (mmHg^−1^), and R~L~ linear correlation coefficient

The maximum BTEX amount that the materials can adsorb at the equilibrium is indicated by the monolayer capacity, ***a***~***m***~. Such values confirm that the materials have a higher affinity to benzene and toluene, if the temperature is lower than 300 °C, while *p*-xylene and ethylbenzene have less adsorption affinity if temperature increases. Indeed, with the increasing of the weight molecular and the temperature different pressure and adsorption capacity, *a*, are observed. As expected, at low temperature the BTEX amount adsorption increases and the composite, SBA-15/HT~C25~ exhibits a greater adsorption capacity.

Isosteric heats of adsorption {#Sec17}
-----------------------------

As adsorption is an exothermic process, increasing the temperature and keeping the constant pressure enhancement adsorbate desorption. In some systems, physisorption is the predominant process at low temperatures, whereas chemisorption is present at high temperatures \[[@CR6]\]. In Fig. [12](#Fig12){ref-type="fig"} are plotted benzene, toluene, *p*-xylene, and ethylbenzene isosteric heats of adsorption in the three materials studied: SBA-15, HTc and SBA-15/HT~C25~. In the four cases, the isosteric heats of adsorption are smaller than the vaporization heat (∆H~vap~) of each one of the VOC adsorbed. This confirms that only a physisorption process is carried out. The values for the SBA-15 and the composite profile have an upward behavior, which shows that they present a homogeneous superficial surface. However, HT~C~ isotherms have a downward behavior, which indicates a heterogeneous superficial surface.Fig. 12Isosteric heats of adsorption of benzene, toluene, *p*-xylene, and ethylbenzene for SBA-15, HT~C~, and SBA-15/HT~C25~, respectively

Table [6](#Tab6){ref-type="table"} displays both the values of standard adsorption energy − ∆U~0~ and the isosteric heat or differential enthalpy, which allow describing the energy changes and determining the spontaneity of the adsorption process on the surface of the material.Table 6Values of the free standard adsorption energy and the isosteric heats of adsorptionBenzeneToluene*p*-XyleneEthylbenzene− ∆U~0~− q~st~− ∆U~0~− q~st~− ∆U~0~− q~st~− ∆U~0~− q~st~SBA-154.7669.2948.99718.9266.84825.92115.74332.897HT~C~− 1.166− 2.7117.5388.37413.62716.0135.9059.449SBA-15/HT~C25~4.3487.18210.92613.3412.09413.6312.10917.438Standard adsorption energy (∆U~0~, kJ/mol) and isosteric heats of adsorption (q~st~, kJ/mol) of volatile organic compounds

The isosteric heat is higher than the free adsorption energy of the VOC thus, the molecules interact strongly with both the neighboring surface and the adsorbate molecules. Still, benzene shows the lowest isosteric heat and may favor a repulsive interaction between the adsorbed benzene molecules \[[@CR20]\]. Hence, the adsorption uptake on materials is also lower than that observed for the other adsorbates.

In composite, SBA-15/HT~C25~, the isosteric heat presents values between those measured for the pristine materials, indicating that the surface reactivity has characteristics of both, SBA-15 and HT~C~, respectively. Certainly, the Mg and Al mixed oxides favorably modify the reactivity of the SBA-15 surface and the perseveration of its nanostructure contribute to the BTEX sorption at low temperature, as no steric hindrance occurs.

Conclusions {#Sec18}
===========

The SBA-15/HT~C25~ composite presented a good effective BTEX adsorption performance as the nanostructure and Mg--Al oxides enhance its surface reactivity, improving the BTEX sorption. Therefore, the physicochemical properties of both materials present a synergistic collaboration, in terms of their surface reactivity, that improves the adsorption process. The adsorption isotherms obtained from the adsorbent materials are mainly fitted to the experimental Freundlich adsorption pattern and the VOC are favorably adsorbed, as physisorption process is predominant. Furthermore, these materials can be reused for more time without losing their structural properties and without being affected by adsorption. Composites prepared from SBA-15 and HTc open new ways to produce materials with physicochemical improved properties that enhance the VOC adsorption process without a steric hindrance of the adsorbates.
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